Introduction
Oxidative addition reactions to inherently unreactive closed shell tetrahedral d 10 4 ]). 1 In the case of the common tetrahedral [Ni(PP)(dialkene)] precursors of topology 1 2 (see Scheme 1) usually the dialkene ligand (e.g. 1,5-cyclooctadiene, COD) dissociates irreversibly during reaction to liberate the reactive d 10 -ML 2 fragment. However, it is often difficult to then stabilize such species towards decomposition. 3 In fact, not many examples of isolable d 10 -ML 2 complexes exist because they tend to be highly reactive and air-sensitive, 4 and NiL 2 complexes are especially rare. 4f Hemilabile ligands 5 such as the P,alkene phosporamidites 5 and 6 6 with weakly coordinating alkene functions 7 may mask such reactive Ni species by forming d 10 -ML 4 complexes of type 2 8 which are connected to the latent d 10 -ML 3 and d 10 -ML 2 configurations 3 9 and 4 through successive hemilabile equilibria. In 4 the de-coordinated alkene functions nevertheless have a high effective concentration to stabilize the metal center. There is some evidence that ligands with secondary donor functions perform well in a variety of Ni-catalyzed asymmetric C-C bond forming reactions. Ph Ph Ni P P Ni P P P P Ni
Complexes of type 2 are also good candidates for the fixation and activation of small molecules. For example, L 2 Ni-CO 2 complexes 11 are key intermediates in catalytic systems that use CO 2 as feedstock, 12 and even though analogous L 2 Ni-CS 2 model complexes 13 seem more amenable to isolation, 14 a common feature of such activating Ni(0) species is their pronounced air-sensitivity. We show in this paper that air-stable hemilabile Ni(0) complexes of type 2, once dissolved in the appropriate solvent, become highly reactive equivalents of d 10 -ML 2 fragments which readily activate small molecules such as CS 2 , alkynes, and enones. In particular, we prove the hemilability of the P,alkene ligand system structurally:
Single-crystal X-ray diffraction analyses reveal that both alkene arms of the ligands in type 2 complexes swing open to accommodate and activate the CS 2 15 and ethynyltoluene molecules, 16 thus demonstrating that a latent d 10 -ML 2 species 4 is operational.
Most important from a stereochemical perspective is the fact that complexes of topology 2 posses stereogenic metal centers ("chiral-at-metal" complexes, see Scheme 2) . 17 Presently, the development of enantioselective catalysts is almost exclusively ligand-based, and an axiom of ligand design is to move stereogenic elements as close as possible to the metal center. Naturally then, complexes with stereogenic metals have been intensively studied, and the vast majority of them are pseudo-octahedral cotton plug and then evaporated to a beige solid. Et 2 O (9 mL) and pentane (9 mL) were added and the microcrystalline product was slurried for 10h and cooled to 245 K to complete precipitation. The precipitate was separated by filtration and dried in vacuo (1045 mg, 94%, pale yellow soft powder). X-ray crystal structure determinations: All measurements were carried out at 160 K on an Agilent
Technologies SuperNova CCD diffractometer (Mo Kα radiation, λ = 0.71073 Å). Table 2 lists the pertinent crystal data. The intensities were corrected for Lorentz and polarization effects, and an absorption correction based on the multi-scan method 27 was applied. The structures were solved by direct methods using SHELXS97, 28 which revealed the positions of all non-H-atoms. The non-H-atoms were refined anisotropically. All of the H-atoms were placed in geometrically calculated positions and refined by using a riding model where each H-atom was assigned a fixed isotropic displacement parameter with a value equal to 1.2U eq of its parent C-atom (1.5U eq for any solvent methyl groups). In order to elucidate the precise molecular structures and the absolute configurations of the Ni centers, single crystals of 2a and 2b were grown from THF/n-pentane and CH 3 CN solutions, respectively, and subjected to X-ray diffraction analyses. As expected, complexes 2a and 2b, as their respective THF and CH 3 CN solvates, are monomeric and display tetrahedral coordination spheres around the Ni atoms (see Figures 1 and 2 and Table 1 The single crystal X-ray diffraction analysis of complex 8, as its 8·CD 2 Cl 2 solvate, revealed the mononuclear structure depicted in Figure 4 and confirmed η 2 coordination of CS 2 with concomitant decoordination of the ligand alkene functions. To the best of our knowledge, this represents the first example of a structurally authenticated chiral CS 2 metal complex. 35 As expected for a diamagnetic Ni(II) complex, the sulfa-nickela-cyclapropane ring is coplanar with the plane spanned by P1, P2, and
Ni. The maximum deviation of atoms Ni1, S1, S2, C69, P1 and P2 from their mean plane is 0.029(1) Å for atom S2. The C69-S1 distance of 1.578(3) Å is the expected value for a C=S bond, and the η The opening up of the ligand alkene arms by going from the starting complex 2a to complex 8 causes a geometry change of the N1 and N2 atoms from significantly pyramidal in 2a to trigonal planar in 8 (see Scheme 4) . The sum of the angles at both N1 and N2 is 360.0(3)°. The mean P-N distance in 8 is 1.663(3) Å, while in 2a it is 1.719 (2) suggesting that the N lone pair is involved in the P-N bond, giving it some double-bond character when the alkene arm is not coordinating. The mean C=C distance in the now uncoordinated alkenes of 8 is 1.327(5) Å, which corresponds to the bond lengths in the free ligands 5 and 6, mentioned above. complex ( Figure 5 ). 36 We note that structurally characterized complexes of H-substituted alkynes are quite rare, 37 and that in catalytic systems such species are thought to undergo oxidative addition of the acetylenic C-H bond to form Ni II (H)(alkynyl) intermediates. 38 Even heating a benzene solution of complex 10 to 70º C for 30 minutes did not cause any reaction; in particular no hydrides product of C-H activation were observed. The 4-ethynyltoluene ligand in 10 is disordered over two conformations that are nearly overlapping. The molecular structure of 10 is extremely similar to that of 8, as shown by the overlay in Figure 6 . However, the nickela-cyclapropane ring is slightly tilted with respect to the plane spanned by P1, P2, and Ni giving a dihedral angle of 11. Table 2 ). By contrast, even large excesses of cyclohexanone or benzophenone did not react, and IR spectra of 11a-c showed the characteristic bands of free C=O functions. This supports the view that only the alkene functions of α,β-unsaturated carbonyl compounds coordinate the Ni center of 2a. In conclusion, we have shown that the use of chiral phosphoramidite P,alkene ligands is an excellent method for the high-yield synthesis of optically pure complexes that feature stereogenic Ni(0) centers.
2a and 2b are rare examples of stereogenic-at-metal complexes that are not stabilized by η 5 -Cp -or η 6 -arene type ligands. Apart from presenting an unambiguous and stable stereochemistry, these novel Ni(0) complexes are air and moisture stable thanks to the protecting hemilabile alkene functions of ligands 5 and 6, but nonetheless, once dissolved in the appropriate solvent, readily fix and activate small molecules such as CS 2 , alkynes, and α,β-unsaturated carbonyl compounds, the latter reversibly so. The results also indicate that phophoramidite ancillary ligands form Ni(0) complexes of sufficient electron density to activate small molecules. Structural data of the CS 2 adduct 8, however, indicate diminished electron density on the Ni center when compared to phosphine stabilized analogues. In contrast, ancillary ligand basicity does not seem to exert great influence on alkyne coordination as observed in adduct 10. The binding affinity for complex 2a of the substrates we tested follow the order CS 2 > alkynes > enones. Finally, the structural data demonstrate that [Ni(P,alkene) 2 ] complexes of topology 2 can indeed be viewed as latent 14 ve -species 4 (Scheme 1), and the application of such complexes in asymmetric catalysis is the subject of ongoing investigations in our laboratory.
